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Abstract 
We present the optimization of the laser doped back surface field (BSF) for interdigitated back contact solar cells (IBC). The 
POCl3 flow limits the phosphorus concentration in the phosphorus silicate glass (PSG) during furnace diffusion, hence limits the 
sheet resistance when used as dopant source for laser doping. The saturation current densities of quasi steady state photo 
conductance (QSSPC) samples correlate with the sheet resistance dependent Auger contribution simulated with EDNA 2. 
Utilizing the measured saturation current density and contact resistance for various sheet resistances, we optimize the BSF 
doping for the recently presented 23.24% efficient laser processed IBC solar cell by numerical 3D solar cell simulation. 
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1. Introduction 
One of the challenges in back contact back junction solar cells (IBC) is to locally dope the emitter as well as the 
back surface field BSF, and, to define and allocate the contacts and metallization to both regions. We use laser 
processes for local doping and ablation. Recently, we presented a laser processed IBC solar cell with an efficiency Ș 
= 23.24% [1]. The manufacturing process includes two laser doping steps: one dopes the boron emitter, the other 
one the phosphorus back surface field. Furthermore, a third laser step locally ablates the rear dielectric to define the 
contact areas to the emitter and the BSF; a fourth step uses laser ablation to structure the rear metallization. Apart 
from the geometry and the dimensions of the differently doped and contacted areas of the solar cell, the precise 
doping levels and profiles play an important role in the efficiency optimization.  
One option to further optimize the cell efficiency, is to adjust the doping level of the emitter and the BSF. The 
cell consists of line shaped emitter and BSF regions, which are contacted by the metallization grid via point shaped 
areas through the rear dielectric stack. Arguing, that the dimensions and geometries of the differently doped regions, 
e.g. pitch, emitter and BSF width, are optimized within the technological limitations, the doping layout is kept 
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unchanged. The doping concentration affects the sheet resistance RshBSF, the saturation current density J0BSFpass in 
passivated and contacted J0BSFcont regions. Consequently, the total recombination changes, and the cell efficiency 
does. Furthermore, the surface doping of the BSF affects the specific contact resistance ȡ between the metal and the 
semiconductor, which contributes to the series resistance, thus decreasing the fill factor and the cell efficiency.  
This manuscript shows that the doping level of the BSF, characterized by the sheet resistance RshBSF, is controlled 
by the limited dopant source. The saturation current density of laser doped test samples follows the trend of the 
simulated Auger-contribution in the diffused region, suggesting that no traceable laser induced damage is present. 
We optimize the cell efficiency via 3D cell simulations by varying the doping  concentration and the contact 
distance in the BSF region, utilizing fit functions to measured data. 
2. Experimental 
We measure the saturation current density J0BSF in the passivated and unpassivated regions of the BSF, and the 
specific contact resistance on test samples with differently laser doped surfaces, hence varied sheet resistances. In 
the experiment, we emulate the  solar cell manufacturing process as close as possible. We use fit functions to the 
measured data, which are then used as input for the 3D simulation. Except the varied parameters, the simulated unit 
cell, as well as all the unchanged parameters, are identical to our manufactured IBC cell. Details of the 
manufacturing process and modelling of the best manufactured IBC cell will be published elsewhere. 
2.1. Sheet resistance 
Six inch pseudo square 3 cm p-type silicon wafers with the same surface treatment as the cell rear side serve as 
substrates. After removal of the natively grown silicon oxide in diluted hydrofluoric acid (HF), a high temperature 
diffusion furnace diffuses a shallow phosphorus doping in the wafer surface. During this process, a phosphorus 
silicate glass PSG grows. Four groups of wafers are processed with the POCl3 flow as the only varied parameter in 
the diffusion recipe. Subsequently, a nanosecond pulsed line focused laser beam irradiates areas of 2×2 cm² with 
varied pulse energy density H on the wafers. After stripping off the PSG in 5% HF solution, a four-point-probe 
measurement measures the sheet resistance in the laser irradiated and non-irradiated areas. 
 
Fig. 1. Sheet resistance Rsh of laser doped BSF depends on POCl3 flow and laser pulse energy density H before (a) and after (b) etch back and 
thermal oxidation. The Rsh does not change significantly by the etch back and oxidation. The dopant source is limited by the POCl3 flow, hence 
the sheet resistance Rsh. Once the threshold for doping is reached, the Rsh only slightly decreases with increasing pulse energy density H. The 
sheet resistance of the FSF (unirradiated) increases during etch back and thermal oxidation. 
 Figure 1(a) shows the sheet resistance Rsh, of laser doped BSF for varied POCl3 flow and laser pulse energy 
density H. Without laser irradiation, the furnace diffusion is very shallow and yields resistances of some hundred 
/sq, used as front surface field in the IBC cells. Exceeding the threshold laser pulse energy density H Ĭ 1.2 J/cmϡ, 
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additional doping is achieved. The sheet resistance drops until H Ĭ 1.5 J/cmϡ and only slightly decreases for 
H < 3.5 J/cmϡ . This saturation suggests that an increased pulse energy density H does not lead to a higher 
phosphorus incorporation in the laser molten silicon surface. The level at which Rsh saturates is limited by the POCl3 
flow. A reduced POCl3 flow depletes the phosphorus contained in the PSG and in the shallow diffusion in the wafer, 
hence limiting the dopant source. The sheet resistance of the front surface field FSF increases with reduced POCl3 
flow, since the phosphorus concentration in the shallow diffusion is reduced. Figure 1(b) shows the sheet resistances 
after further processing the samples similarly to the solar cells. The samples are etched back in an acidic silicon 
etching solution, and then thermally oxidized. The BSF sheet resistance does not change significantly, but the FSF 
resistance increases for the investigated POCl3 flows. The BSF already exhibits a rather deep diffusion after laser 
irradiation, hence the doped layer removed during etch back is negligible. Varying the etching duration, enables to 
adjust the FSF resistance and leaves the BSF basically unaffected (not shown here). Utilizing a POCl3 diffusion as 
dopant source, the laser doping provides an elegant way to tailor the FSF and BSF sheet resistance in IBC solar 
cells. 
2.2. Specific contact resistance 
A GP 4-Test pro measures the specific contact resistance ȡ of evaporated aluminum contacts, utilizing the 
transfer length method (TLM). The same manufacturing process as for the cells are used, including chemical 
polishing, cleaning, furnace diffusion, laser doping, thermal oxidation, deposition of an insulation dielectric layer 
stack, and laser ablation. In contrast to the cell process, the aluminum is evaporated through a shadow mask, instead 
of laser structuring the aluminum layer. Prior measurement, the samples are annealed for 5 min at 350°C on a hot 
plate. In the investigated range, the contact resistance ȡ increases exponentially with the sheet resistance Rsh. 
 
Fig. 2. Contact resistance ȡ of aluminum on laser doped BSF increases exponentially with increasing BSF sheet resistance Rsh. 
2.3. Saturation current density 
To evaluate the saturation current density of the BSF, we prepare symmetrically doped samples on the same 2 
cm n-type CZ wafers as used for the solar cells. Four groups of wafers are diffused with varied POCl3 flow; 
subsequently, eight areas of 5×5cm² are laser irradiated full area on both sides. The laser pulse energy density H is 
varied in the range 1.83 J/cm²  H  3.45 J/cm². The same manufacturing process as for the cells are used, including 
chemical polishing, cleaning, furnace diffusion, laser doping, thermal oxidation. We omit the dielectric layer stack 
to ensure that the passivation layer can be removed chemically without altering the diffused surfaces. We measure 
the quasi-steady state photo conductance (QSSPC) with a WCT-120 Tester in the passivated state and after stripping 
the silicon dioxide (SiO2) passivation in HF solution. We extract the saturation current density J0BSF as proposed by 
Kimmerle et al. using equation (4) of Ref. [2].  
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Fig. 3. (a) Saturation current density J0BSF per side in passivated (SiO2) and unpassivated state. The passivated J0BSF follow the trend of the Auger 
contribution simulated for varied depths factors Z using EDNA2 [3]. A furnace diffused sample shows J0BSF in the same range as the laser doped. 
(b) The calculated Voclim and Vocimpl match well for the QSSPC samples. 
Figure 3(a) shows the saturation current densities J0BSF per side, either passivated with 20 nm SiO2 or 
unpassivated. Furthermore, the Auger contribution in the BSF is simulated using EDNA2 [3] for Gaussian doping 
profiles with depth factors Z = 0.3 to 0.8 and disabled Shockley-Read-Hall (SRH)-recombination at the surface or in 
the volume of the diffused region. The applied models in the EDNA simulation are listed in the appendix. 
Unfortunately, measured doping profiles of our samples are not available at present. Considering former measured 
doping profiles, the wide range in simulated depths likely cover the present profiles. The measured J0BSF follows the 
trend of the Auger recombination of passivated samples. Note, that the EDNA2 simulation was done for a 
temperature T = 300 K, whilst the measured J0BSF are evaluated for T = 298.15 K. With the effective intrinsic charge 
carrier density nieff as the main driver of the change in J0BSF with temperature [4], one can approximate the simulated 
J0BSF with J0BSF,300K/n2ieff,300K = J0BSF,298.15K/n2ieff,298.15K. The corresponding simulated J0 values for T = 298.15 K 
should be about 0.73 times lower than the presented ones. A furnace diffused (not laser irradiated) diffusion, 
highlighted as a star, passivated with the same thermal oxide, shows an offset in the same range as the laser doped 
samples. For more clarity, the data points are not labeled with their laser pulse energy densities, since no significant 
correlation between H and J0BSF is observed. In unpassivated state, the J0BSF increases with Rsh since the band 
bending induced by the doping decreases, thus minority charge carriers reach the highly recombination active 
surface more easily. Simulation results, setting the surface recombination velocity to Ȟtherm = 1.7×107 cm/s (as the 
thermal velocity for hole at T = 300 K), well represent the trend of the measured J0BSF.  
We calculate the open circuit voltage limit  
¸¸¹
·
¨¨©
§
 1
2
ln
0
lim,
BSF
sc
thoc J
JVV ,   (1) 
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Here, ǻn is the excess charge carrier concentration, ND the wafer base doping concentration, and ni,eff the 
effective intrinsic charge carrier concentration. Figure 3(b) shows, that the calculated Voc,lim and Voc,impl agree well, 
which validates the assumptions of negligible SRH-recombination in the wafer bulk for the J0 evaluation. 
3. Optimization by 3D solar cell simulation 
We model the current/voltage curve in the dark and with illumination, as well as the quantum efficiency of the solar 
cell with an efficiency Ș = 23.24% presented in Ref. [1], using the 3D simulation tool QUOKKA 2 [5], following 
the guidelines given in [6]. The models used are listed in the appendix. The ni,eff is consistently used in the 
evaluation of the J0BSF and in 3D simulation. We fit the specific contact resistance (Figure 2) and the J0BSF data, 
passivated and unpassivated, representing the contacted area (Figure 3). The empiric fit functions are then swept in a 
simulation to optimize the BSF doping for IBC solar cells. The simulated unit cell neglects busbars and perimeter 
effects (charge carrier diffusion and recombination at the sample edges), and features line shaped doping with point 
contacts centered in the middle of the BSF and emitter regions. The circular point contacts are approximated by 
squares of the same area in the simulation. Arguing, that the unit cell is optimized within the technological limitation 
in precision, yield, and throughput, we vary the contact distance dcBSF along the laser doped line and the sheet 
resistance Rsh of the BSF. The specific contact resistance ȡ and J0BSF follow the sheet resistance Rsh according to 
their fit functions. All other parameters are kept constant. 
Table 1 shows the measured and simulated efficiency of the best manufactured laser processed IBC solar cells. 
The input parameters of the differently doped surfaces, emitter, FSF, BSF, and gap in the simulation are established 
the same way as described in this manuscript. The simulation results including perimeter effects, conducted with a 
multi-unit cell approach as described in [7], agrees well with the measured results. As simplification, the 
optimization of the BSF doping is done only excluding perimeter effects. Thus, the simulated efficiency of the 
fabricated cell excluding perimeter effects serves as reference for comparison. 
Table 1. Characteristic current density/ voltage-values of the best measured laser processed IBC cell and their 
modelling results with and without perimeter effects.  
 Efficiency 
Ș [%] 
Open circuit voltage 
Voc [mV] 
Short circuit current density 
Jsc [mA/cm²] 
Fill factor 
FF [%] 
Measured 23.24 ± 0.47* 681.6 ± 2.3 41.34 ± 0.79 82.47 ± 0.54 
Simulation including perimeter 23.38 681.5 41.44 82.79 
Simulation excluding perimeter 23.52 683.5 41.44 83.05 
 
Figure 4 shows the simulated efficiency depending on the contact distance dcBSF and sheet resistance Rsh. The 
modelled efficiency of the fabricated cell, neglecting perimeter effects, reached Ș = 23.52%. The optimized 
efficiency Ș = 23.56% with a gain ǻȘ = 0.04% shows, that further efficiency gain by BSF doping optimization is 
unlikely. Instead, we find a wide parameter window for 200 μm > dcBSF > 400 μm and 50 /sq < RshBSF < 80 /sq 
with efficiencies Ș  23.5%. For RshBSF > 100 /sq, the efficiency drops due to the increasing contact resistance, 
hence a reduction of the fill factor. Consequently, further efficiency optimizations in the non pn-junction area need 
the change from line shaped BSF doping to point shape doping just underneath the contact areas. 
 
*certified measured by Fraunhofer ISE CalLab 
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Fig. 4. Simulated efficiency Ș depending on contact distance dcBSF and sheet resistance RshBSF of the BSF. There is a broad maximum in efficiency 
Ș for 200 μm > dcBSF > 400 μm and 50 /sq < RshBSF < 80 /sq with an efficiency Ș ı 23.5%. 
4. Conclusions 
We have optimized the efficiency of our laser processed IBC solar cell using a 3D simulation, by changing the 
back surface field doping and point contact distance. The POCl3 flow during the growth of the PSG elegantly adjusts 
the sheet resistance of the laser doped BSF. The saturation current densities of laser doped passivated QSSPC test 
samples correlate with the Auger-contribution in the diffused surface. Empiric fit functions to measured saturation 
current densities in passivated and unpassivated state, and a fit to the sheet resistance dependent specific contact 
resistance serve as input for the 3D solar cell simulation. Compared to the simulation results of a manufactured solar 
cell, neglecting perimeter effects show minor efficiency gain. Instead, a wide parameter window of the BSF sheet 
resistance and contact distance is predicted. 
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Appendix A. Models used in EDNA 2 and QUOKKA2 
The effective intrinsic equilibrium charge carrier density nieff = 8.62×109cm-3 at a temperature T = 25°C is 
consistently used in the evaluation of the saturation current density J0BSF and Quokka 2 simulation.  
 
The following lists the Models used in EDNA2 with the same terminology as in the software. 
x Radiative:  Trupke2003 fit 
x Auger:  Richter2012 
x Mobility Model: Klaassen1992 
x Intrinsic band gap: Passler2002 
x Density of states: Sentaurus2008 DOS Form. 2 
x Dopant ionisation: Altermatt2006 
x Carrier statistics: Fermi-Dirac 
x Band gap narrowing: Schenk1998 
x Temperature:  300.0K 
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Model and parameters used in QUOKKA2 with the same terminology as in the software. 
x Bulk.Auger:  Richter2012 
x Bulk.mobility:  Klaassen 
x Bulk.Brad:  4.73×10-15 cm3/s 
x Temperature:  298.15 K 
x Bulk.nieff:  8.62×109 cm-3 
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